Abstract-Recent technological advances and new radiobiology challenges are behind the great interest in the use of microirradiation techniques for radiobiological studies. Radiobiological microbeams are facilities able to deliver precise doses of radiation to preselected individual cells (or part of them) in vitro and assess their biological consequences on a single cell base. They are therefore uniquely powerful tools to address specific problems where very precise targeting accuracy and dose delivery are required. The majority of radiobiological microbeams are centred on particle accelerators in order to irradiated biological samples with an exact number of ions. Currently there are only three microbeam facilities in routine use which employ focused X-rays: two are based on laboratory bench X-ray sources (Queen's University Belfast and Nagasaki University) and one developed using synchrotron X-ray beams (Photon Factory in Tsukuba, Japan). While low dose rates limit laboratory bench sources to a few keV, micronsize X-ray probes of a few tens of keV are achievable using synchrotron sources. Each facility has however their own benefits and draw back points. Techniques for focusing X-rays are well established and continuously improving with focal spots down to 50 nm achievable for ultrasoft X-rays using circular diffraction gratings known as "zone plates". Reflection X-ray optics such as Kirkpatrick-Baez mirrors and polycapillary systems are also used to produce micron size X-ray spots. Combined with nano-positioning accuracy of the new generation of stages, improved optics and image analysis algorithms, X-ray microbeams are able to address radiobiological issues in an unprecedented way. Microbeams have contributed significantly to the discovery and characterization of important new findings regarding the mechanisms of interaction of ionizing radiation with cells and tissues. In particular, they have played a fundamental role in the investigation of non-targeted effects where radiation response is induced in samples whose DNA has not been directly exposed. The exquisite resolution offered by focused X-ray probes has allowed important questions regarding the locations and mechanisms of subcellular targets to be precisely addressed. Evidences of the critical role played by the cytoplasm have been collected and radio-sensitivity across the cell nucleus itself is attracting considerable interest. Moreover using the microbeam single cell approach, it has been possible to study the mechanisms underpinning the bystander effect where radiation damage is expressed in cells which have not been directly irradiated but were in contact or shared medium with directly exposed samples. As a result, microbeam facilities are regarded as a main tool for the formulation of a new radiobiological paradigm where direct damage to cellular DNA is not a requirement. Additionally, the implications of the non-targeted effects in in vivo systems and ultimately humans have still to be fully understood. The new generation of X-ray microbeams equipped with 3D image stations and higher X-ray energies offers the perfect approach to extend targeted studies to complex biological models. Finally, the single-cell approach and the high spatial resolution offered by the microbeam provide the perfect tool to study and quantify the dynamic processes associated with the production and repair of DNA damage. Using green fluorescent protein (GFP), it is now possible to follow the spatio-temporal development of the DNA damage sites which is currently of great interest in order to monitor the remodelling of chromatin structure that the cell undergoes to deal with DNA damage.
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Microbeams have contributed significantly to the discovery and characterization of important new findings regarding the mechanisms of interaction of ionizing radiation with cells and tissues.
In particular, they have played a fundamental role in the investigation of non-targeted effects where radiation response is induced in samples whose DNA has not been directly exposed. The exquisite resolution offered by focused X-ray probes has allowed important questions regarding the locations and mechanisms of subcellular targets to be precisely addressed. Evidences of the critical role played by the cytoplasm have been collected and radio-sensitivity across the cell nucleus itself is attracting considerable interest. Moreover using the microbeam single cell approach, it has been possible to study the mechanisms underpinning the bystander effect where radiation damage is expressed in cells which have not been directly irradiated but were in contact or shared medium with directly exposed samples. As a result, microbeam facilities are regarded as a main tool for the formulation of a new radiobiological paradigm where direct damage to cellular DNA is not a requirement. Additionally, the implications of the non-targeted effects in in vivo systems and ultimately humans have still to be fully understood. The new generation of X-ray microbeams equipped with 3D image stations and higher X-ray energies offers the perfect approach to extend targeted studies to complex biological models. Finally, the single-cell approach and the high spatial resolution offered by the microbeam provide the perfect tool to study and quantify the dynamic processes associated with the production and repair of DNA damage. Using green fluorescent protein (GFP), it is now possible to follow the spatio-temporal development of the DNA damage sites which is currently of great interest in order to monitor the remodelling of chromatin structure that the cell undergoes to deal with DNA damage.
INTRODUCTION
Ionizing radiation is playing an increasingly important role in modern society with human population continuously subjected to a range of environmental, occupational and medical exposures. Although a lot is known about the physical interaction of ionizing radiation with biological samples (which has led to the development of sophisticated diagnostic equipment widely used in medicine), our understanding of the biological effects caused by ionizing radiation is still limited, especially in the low dose region. Despite being widely used in cancer radiotherapy applications, ionizing radiation is itself a proved carcinogenesis agent. Current estimation of radiation risks for cancer inductions are derived from the survival of the Japanese atomic bomb that were exposed to high dose and high dose-rates. This approach suffers from limited statistical power and inability to resolve uncertainties from confounding factors forcing the adoption of the conservative linear non-threshold model (LNT) which assumes a gradual linear decreasing of the risk with the dose absorbed. However, there is now considerable evidence of non-linearity in the dose response curves. While phenomena such as genomic instability [1] , hypersensitivity [2] and bystander effect [3] may increase radiation risk at low doses, adaptive response [4] may act as a protective mechanism. Microbeam facilities were therefore developed to investigate the effect of very low doses of radiation with great precision in order to estimate radiation risks for the general population. Although the advantages of a deterministic irradiation have been recognized since the beginning of radiobiological studies [5] , technology for developing sophisticated microirradiation facilities have only become available in the late 1990s. Following the achievements of the first microbeams, recent technological advances and new radiobiology challenges has now inspired a second generation of microbeams. Modern radiobiological microbeams are facilities able to deliver precise doses of radiation to preselected individual cells (or part of them) in vitro and assess their biological consequences on a single cell base.
Microbeams have significantly contributed to the advances in radiobiology of last decades by providing critical investigations to determine the shape of the dose-response curve in the very low dose region. Oncogenic transformation [6] , micronuclei formation [7] and genetic instability [8] resulting from a single particle traversal have been characterized together with the relevance of new phenomena such as hypersensitivity [9] and bystander effect [10, 11] . Although the majority of modern microbeams use particle accelerators, X-ray microbeams have also been developed offering a unique approach to the investigation of biological effects caused by ionizing radiation. Apart the use of a different type of radiation (X-rays induce qualitatively different damage than charged particles), X-ray microbeam can reach resolutions up to an order of magnitude smaller than what is possible to irradiated biological samples with charged particles. Techniques for focusing X-rays are well established and continuously improving with focal spots currently down to 50 nm using circular diffraction gratings known as "zone plates". Combined with nano-positioning accuracy of the new generation of stages, improved optics and image analysis algorithms, X-ray microbeams are able to address radiobiological issues in an unprecedented way.
X-RAY MICROBEAMS
X-ray microbeams have started to be developed towards the end of the 1990s [12] in order to provide quantitative and mechanistic radiobiological information that complement the charged particle studies. Damage caused by X-rays is qualitatively different than lesions produced by charged particles due to minor clustering of the ionization pattern. It is now commonly accepted [13] , that radiation effects strongly depends on the clustering of ionizations requiring the introduction of the LET parameter (i.e., linear energy transfer) to take into account the distribution of energy deposition inside biological samples. Electrons produced by the absorption of soft X-rays will produce ionization patterns that closely resemble that of a low-LET irradiations (i.e., gamma and high energy X-rays) as routinely adopted in diagnostic and therapeutic treatments. Moreover, unlike charged particles, soft and ultrasoft X-rays (i.e., ∼ 100 s eV-10 s keV) interact almost exclusively by photoelectric effects and therefore don't suffer from scattering issues making it possible to achieve radiation spots in samples of an order of magnitude or more smaller than those so far achieved with ion beams. Finally, such high spatial resolution is maintained as the X-ray beam penetrates through samples making it possible to irradiate with micron and sub-micron precision, targets that are several tenths or hundreds of micron deep. Currently there are only three microbeam facilities routinely used for biological experiments which employ X-rays: two are based on laboratory bench X-ray sources (Queen's University Belfast and Nagasaki University) and one has been developed around a synchrotron X-ray beams (Photon Factory in Tsukuba, Japan).
X-ray Sources
Microbeam facilities [14] have mainly used electron bombardment X-ray sources where electrons generated by heated tungsten filaments (or more recently using single crystal filaments with brightness above 1 × 10 6 Amp/cm 2 steradiant) are accelerated up to 20-30 kV and focused (either by permanent magnets or by electrostatic lenses) onto a solid target producing a "point-like" X-ray source. Due to the limited distance between the X-ray source and the X-ray optic device, the dimensions of the focused X-ray spot are dominated by the size of the X-ray source requiring considerably efforts to produce a "point-like" X-ray source. Despite electron bombardment X-ray sources are widely used, focusing a high electron current into a small spot is not easily achievable and still represents a major limitation for X-ray microbeams. Currently the Queen's University X-ray microbeam is able to focus up to 1 mA of 15 keV electrons into < 20 µm diameter spot. The radiation spectrum generated by electron bombardment sources is contaminated by Bremsstrahlung which are removed either by filtration and/or by reflection to achieve a near monocharomatic beam required both for optimum working conditions of the X-ray focusing devices and for a correct interpretation of the biological effects induced. The major limit of the electron bombardment X-ray sources is represented by their limited brightness and size. The spot size is ultimately limited by the electron beam current as space charge effects will produce a repulsive force which will compromise the focusing action of the electromagnetic lenses. Moreover, X-ray production by electron bombardment is not a very efficient process with most of the energy dissipated in heat. When using fixed thick targets, it is therefore necessary to compromise between high electron currents and size of the electron focus as the maximum power that it is possible to dissipate on a thick target depends on the power density of the impinging beam. Cooled or rotating targets have also been investigated as potential microbeam sources in order to increase the electron current and therefore the final X-ray production rate. Cooling the target, however, is not a suitable option as the requirement of a small electron focus and the limited electron penetration imply that it is extremely hard to efficiently cool the area of the target where the electrons impinge. Rotating targets offer more promising benefits and have indeed been used to produce X-ray sources for microbeam applications [15] . However, rotation of the target inevitably introduces vibration into the system which ultimately affects the resolution and accuracy of the final X-ray focused beam. To date, the smallest X-ray spot size achieved using a rotating target X-ray source is 7 µm [personal communication, Rigaku Americas Corporation]. Synchrotron radiation, on the other hand, provides an ideal source of X-rays for microbeams applications. Despite horizontal beam imposes some constriction of the sample conditions, the high brightness, wide range of energies available and nearly parallel beam offer great potentials for fine probe development as well as for radiobiological applications. In particular, the parallel and monochromatic beam assures that the best focusing resolution can be achieved by the employed X-ray optical devices while the tunable X-ray energy is an incredibly powerful tool to address critical radiobiological phenomena. So far the only microbeam facility taking advantage of synchrotron light is based at the Photon Factory in Japan [16] where biological sample are irradiated with a 5 µm X-ray beam of 4-20 keV. Finally, laser plasma or electrostatic pinch plasma sources [17] are also being considered as possible X-ray sources for microbeams. Such sources are characterized by small size and high brightness and may provide valuable input in microbeam development.
X-ray Optics
The great interest in the development of X-ray microbeam is definitely due to the high spatial resolution achievable. Microbeam facilities rely on sophisticated X-ray optics developed for lithography and astrophysics applications. X-ray beams can be focused using two different principles: reflection or diffraction. Focusing methods based on reflection use highly polished curved single-or multi-layer surfaces to bend X-rays in a single spot (Kirkpatrick-Baez mirrors). They benefit from high efficiencies, large acceptance and can be used for a wide range of X-ray energies. However, the complex procedures for the mirror alignments and the long focal distance required have so far limited their use for microbeam applications. More recently, new X-ray optics based on the principle of total reflection that occurs at shallow incident angles have been considered. Glass capillaries using total internal reflection offer the possibility to concentrate divergent radiation onto small spots by "guiding" the X-ray beam. In the focal spot a considerable increase of relative intensity up to a few orders of magnitude can be obtained although spot size smaller than 10 µm are hard to achieve. On the other hand, microoptical X-ray imaging system (MOXI) [18] uses microfabricated reflecting channels mechanically deformed to provide the curvature necessary for focusing (i.e., working in Kirkpatrick-Baez mode). Suitable fluxes are expected to be focused into a microspot size. Glass capillaries and MOXI systems also benefit from wavelength independent focal length which makes them very appealing for variable energy microbeams.
Diffraction techniques have so far been favoured for microbeam applications mainly due to their straightforward application. Using Fresnel zone plate lenses (circular diffraction gratings with increasing line density), X-ray probes down to 50 nm in diameter have been achieved for microscopy purposes. Zone plates, however, are generally very small devices (typically ∼ 100 s microns in diameter) due to diffraction principle constraints and suffer from low focusing efficiencies. Both these features significantly affect the final X-ray dose rate and for radiobiological applications the spatial resolution is generally bartered in favour of dose rate. Despite these limitations, zone plates have been successfully exploited for radiobiological microbeams developing sub-micrometer irradiation facilities with dose rates up to 0.2 Gy/sec [14, 19] .
CURRENT RADIOBIOLOGICAL CHALLENGES FOR MICROBEAMS
A recently growing area of interest for the use of microbeams is in probing the spatial and temporal evolution of radiation damage. There are currently two main aspects of great interest of the spatio-temporal evolution of DNA double strand breaks (DSB): the first is related to breaks mobility within the cell nucleus while the second concerns the dynamic interaction and alternation of DNA repair proteins. Extensive DSB migration and large scale interactions are the centre of open debates [20, 21] for current conflicting models attempting to explain the formation of complex chromosome aberrations. Using microbeams, DSBs can be induced at precise locations within the cell nucleus (recent biological developments allow staining of chromosome domains in live cells [22] ) at precise times and investigate their spatio-temporal evolution by following DNA repair proteins using conventional immunofluorescence techniques and 3D microscopy. On the other hand, a better understanding of the subsequential steps followed by the DNA repair proteins in time is needed to further understand this fundamental cell mechanism. The dynamic interaction and exchanges of DNA repair proteins at the site of damage is critical as it provides clues of the necessary steps, functionality and requirements of the different enzymatic activities involved in the repair process. Being able to a priori determine the irradiation details (i.e., dose, irradiation site and time) for each sample combined to the use of green fluorescent proteins (GFP) for live imaging, represent a powerful tool for the analysis of the spatio-temporal evolution of the DSBs.
